Carbon steel is considered in Japan the candidate material for overpacks in high-level radioactive waste disposal. Effects of bicarbonate solutions on the corrosion behavior and corrosion products of carbon steel were investigated by electrochemical measurements, FT-IR and XRD analyses. The anodic polarization measurements showed that bicarbonate ions (HCO 3 -) accelerated the anodic dissolution and the outer layer film formation of carbon steel in the case of high concentrations, on the other hand, it inhibited these processes in the case of low concentrations. The FT-IR and XRD analyses of the anodized film showed that siderite (FeCO 3 ) was formed in 0.5 to 1.0mol/L bicarbonate solution, and Fe 2 (OH) 2 CO 3 in 0.1 to 0.2mol/L bicarbonate solution, while Fe 6 (OH) 12 CO 3 was formed in 0.02 to 0.05mol/L bicarbonate solutions. The stability of these corrosion products was able to be explained by using the actual potential -pH diagrams for the Fe-H 2 O-CO 2 system.
Introduction
The isolation system for high-level radioactive waste is based on a multi-barrier system composed of waste glass, overpack, compacted bentonite and host rock. The overpack must be maintained for several hundred years to prevent leakage of radionuclides. Usually, groundwater is neutral to slightly alkaline [1] due to the presence of some bicarbonate and carbonate species, and it could infiltrate through the bentonite to touch the overpack. Carbon steel, as a promising candidate material and corrosion allowance metal for the overpack for long-term geological disposal of high-level radioactive waste, can be corroded by the surrounding groundwater that contains carbonate species [2] [3] [4] .
The effect of (HCO 3 -/CO 3 2-) on the anodic behavior of carbon steel has been investigated using a variety of electrochemical techniques [2] [3] [4] [5] [6] [7] [8] [9] [10] . The corrosion of carbon steel mainly depends on the concentration of HCO 3 -/CO 3 2- , pH values, and the applied potential. Iron could be dissolved under diffusion control as an Fe(II) complex in the concentrated HCO 3 -/CO 3 2-solutions [10] . However, due to the long-term safety requirement for geological disposal of the overpack, the corrosion of carbon steel will also depend on the solid corrosion products as film or powder precipitated on the steel. Few investigations have been conducted on the composition of corrosion products formed in a solution containing (HCO 3 -/CO 3 2-). In the present study, we systematically examined the anodic products in bicarbonate solutions by varying the concentration and potential. The potential-pH diagrams of the Fe-CO2-H2O system corresponding to the actual corrosion products of carbon steel in HCO 3 -/CO 3 2-solutions were constructed. In practice, the actual potential-pH diagrams will be useful for understanding the corrosion products adhering to the metal surface and the effect on continuous corrosion during long-term disposal.
Experimental Method
Specimens were cut from a carbon steel sheet with the following composition: 0.05% C; 0.3% Si; 0.7% Mn; 0.01% P; 0.003% S; 0.03% Al; 0.003% N; 0.002% O; Fe-bal.
Measurement of anodic polarization curves was carried out from the rest potential in the noble direction at a rate of 10 mV/min. Electrolytes containing HCO 3 -in the range of 2×10-2 to 1.0 mol/L, at pH 8.33, were deaerated by argon gas prior to the anodic polarization studies. The concentration of 0.1 mol/L HCO 3 -is estimated to be the highest level that could be encountered in a geological environment. A saturated calomel electrode (SCE) was used as a reference in all experiments at 25°C. After the removal of air-formed oxides by cathodic reduction (50 µA/cm 2 for 30 min), specimens were anodically polarized at different potentials for one week. For corrosion product analyses, both X-ray diffraction (XRD) and Fourier transform infrared (FT-IR) methods were employed. The XRD conditions were 40 kV, 300 mA using a Cu target and a scanning rate of 5°/min. A Nicolet 760 FT-IR spectrometer was used for IR spectrometry in which samples were processed into KBr tablets. Prior to XRD and FT-IR analyses, the corroded steel samples were transferred into a glove box oxygen-purged by argon gas, where they were stored until completely dry. Figure 1 shows the anodic polarization curves of carbon steel in HCO 3 -solutions with changing concentration at pH 8.33. Two current peaks can be seen in these curves. When the concentration of HCO 3 -was higher than 0.1 mol/L, the first peak current densities (cds)
Results and Discussion
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increased with increasing concentration of HCO 3 -, indicating that HCO 3 -accelerated dissolution and film formation on the iron. This effect of HCO 3 -is explained by the formation of the soluble complex Fe(CO 3 ) 2 2-in the system. When the concentration of HCO 3 -was less than 0.1 mol/L, the peak cds decreased with increasing concentration of HCO 3 -, presumably due to the formation of corrosion product film containing CO 3 2-and OH -, which reduced the peak cds. The second peak increased with increasing concentration of HCO 3 -concerning the formation of corrosion product film containing CO 3 2-. Figure 2 shows the potential-pH diagram of the Fe-CO 2 -H 2 O system, which was calculated using standard thermodynamics data. It can be seen from the figure that there is a stable FeCO 3 equilibrium region. The stability of FeCO 3 was dependent on pH and HCO 3 -concentration of the electrolyte, and the stability of the Fe3O4 (magnetite) decreased with increasing HCO 3 -concentration. 2 . The current density showed higher values at the beginning of the experiment at −700 to −600 mV, and was reduced to almost zero after the formation of anodized film. However, the current density was immediately reduced at −550 mV because the carbon steel would have become passivated. In the 1.0 and 0.5 mol/L HCO 3 -solutions, XRD patterns showed that the crystalline phase of the anodized film on carbon steel corresponds to FeCO 3 (JCPDS 831764). Furthermore, the FT-IR spectra of the anodized film were in agreement with the standard IR spectra of carbonate species. In the 0. 
Analysis of corrosion products
Evaluation for protection performance of the films
With the current decay reaching 1 µA/cm 2 due to coverage by the formed film, the incubation time differed, which could be useful for evaluating the protection performance of the films. Figure 9 shows the incubation time up to 1 µA/cm 2 corresponding to the current decay plots of the polarization curves. At a constant pH value, the incubation time becomes shorter with the application of a more noble potential, because film formed at a different potential differs in chemical composition. The evaluation of the protection performance of the films, using incubation time, revealed the following: Fe 2 (OH) 2 CO 3 < Fe 6 (OH) 12 CO 3 < Fe 3 O 4 . In Fig. 4 , the XRD data on Fe 2 (OH) 2 CO 3 shows some very weak and wide peaks, indicating the formation of fine crystal or amorphous film. Since it was loosely deposited on the steel, it showed low resistant performance. On the other hand, Fe 6 (OH) 12 CO 3 and Fe 3 O 4 showed some very strong and sharp peaks in the XRD data, indicating that they were formed as large crystallized particles and were densely deposited on the metal surface. However, the passive film showed the best resistant performance, needing only a few minutes to reach 1 µA/cm 2 . Under a constant potential, the film has a different chemical composition at each pH value. Increasing pH decreased the incubation time, indicating that Vol. 3, No. 1, 2009 the resistant performance of the film was higher in a high-pH solution. solutions. Also, the incubation time of the film formed at pH 9.8 is longer than at pH 8.3, due to the effect of pH on the solubility of Fe(CO 3 ) 2 2-. Figure 12 illustrates the effect of pH on the solubility of Fe(CO 3 ) 2 2-transformed from FeCO 3 and Fe 2 (OH) 2 CO 3 , it reveals that the equilibrium concentration of the assumed complex Fe(CO 3 ) 2 2-increases with increasing pH, which is the predominant reason for the longer incubation time at pH 9.8 compared to pH 8.3. 
Summary
The corrosion product of carbon steel was dependent on the concentration of HCO 3 -and the applied potentials in NaHCO 3 solutions. FeCO 3 , Fe 2 (OH) 2 CO 3 , Fe 6 (OH) 12 CO 3 and Fe3O4 were formed depending on the concentration of HCO 3 -. Practical potential-pH diagrams of the Fe-H 2 O-CO 2 system were constructed for each concentration of HCO 3 -, and the predicted chemicals basically agreed with the actual corrosion products in the experiments.
